Functional imaging studies show that motor imagery activates multiple structures in the human forebrain. We now show that phantom movements in an amputee and imagined movements in intact individuals elicit responses from neurons in several human thalamic nuclei. These include the somatic sensory nucleus receiving input from the periphery (ventral caudal), and the motor nuclei receiving input from the cerebellum [ventral intermediate (Vim)] and the basal ganglia [ventral oral posterior (Vop)]. Seven neurons in the amputee showed phantom movement-related activity (three Vim, two Vop, and two ventral caudal). In addition, seven neurons in a group of three controls showed motor imagery-related activity (four Vim and three Vop). These studies were performed during single neuron recording sessions in patients undergoing therapeutic treatment of phantom pain, tremor, and chronic pain conditions by thalamic stimulation. The activity of neurons in these sensory and motor nuclei, respectively, may encode the expected sensory consequences and the dynamics of planned movements. NeuroReport
Introduction
Human motor imagery, including imitated, observed, and imagined movements, or phantom movements in amputees, can cause changes in blood flow signals (positron emission tomography) or blood oxygen level-dependent signals (functional MRI) in the cerebellum, basal ganglia [1] , motor cortex, and the supplementary motor cortical area [2] . Somatosensory-evoked potentials derived from the cortex of amputated patients have been studied during stimulation of truncated nerves and interpreted to indicate preservation of some input to the cortex [3] . However, specific reductions in the thalamic gray matter of amputees raise questions regarding the significance of the remaining input from the thalamus to the cortex [4] . Direct thalamic neuronal activity related to phantom movements in amputees or imagined movements in intact humans has not been described earlier, to our knowledge.
Earlier, in an individual suffering a right-hand amputation, Ersland et al. [5] showed blood oxygen level-dependent signal responses (1.5 years after injury) in contralateral primary motor cortex, which were specifically related to phantom imagery of finger tapping of the amputated side. Ramachandran et al. [6] describe a patient with a left arm amputation (23 years after injury) with a significant reorganization of the sensory homunculus. Touching the individual's face evoked sensations in the phantom, and this finding was dependent on volitional phantom movement whereby movement shifted the sensory map on the face dynamically. The neural substrate for this fast plasticity remains unknown, although it might imply the uncovering of present, but silent synapses [6] .
Recently Kühn et al. [7] recorded activity related to motor imagery by local field potential recordings in the subthalamic nucleus during surgery for Parkinson's disease. The presence of thalamic neural activity correlated with phantom movements would be the evidence in humans of an enduring subcortical copy of planned movements. We have now recorded human single neuron activity related to movement during awake thalamic surgery for the treatment of phantom pain in an amputee (phantom movements), or for the treatment of tremor and neuropathic pain (controls -imagined movements).
Methods

Patients and protocol
Recordings were made during the physiologic localization that preceded a stereotactic operation in a 39-year-old man with phantom limb pain (patient 398), 20 years after an amputation of the arm just below the shoulder ( Fig. 1 ) [8] . We also studied three control patients -two with tremor (74-year-old man, patient 409 and a 38-year-old woman, patient 407) and one with chronic pain (62-year-old woman, patient 404). In the amputee, one trajectory (pass 3, P3) passed through the presumed representation of the phantom (the cellular responses are described below) and two trajectories (passes 1 and 2, P1 and P2) through regions not including the phantom representation in ventral caudal (Vc).
The operative, microelectrode, and analytic techniques for these human recordings have been published earlier [9, 10] . Most of the recordings were made within the Vc, ventral intermediate (Vim), and ventral oral posterior (Vop) subnuclei. These are primarily the respective relay regions for somatic sensory input from the periphery (Vc), cerebellar (Vim), and basal ganglia (Vop) [11] .
Recording technique
The recordings identified the presence of sensory neurons that responded to either cutaneous stimuli (light touch, tapping of skin, pressure to skin) or to deep stimuli (joint movement, deep pressure to muscle, ligament/ tendons). The anterior boundary of the region where sensory neurons were found in the majority defined the anterior border of Vc. This boundary was then used to predict the location of Vim and Vop, which are adjacent anteriorly ( Fig. 1 ). In the amputee, Vc was defined as the region where stimulation at the majority of sites evoked cutaneous sensations at 25 mA or less (typical threshold used clinically [10] ), because many neurons did not have receptive fields (RFs).
Imagery task
Neuronal activity was examined for all recorded neurons during active closing and opening of the fist, flexion and extension of the wrist and elbow, and shoulder elevation and flexion, all cued by verbal commands [9] . Patients were studied while performing real movements in response to a verbal command cue such as 'make a fist'. Imaginary movements were carried out at each joint in their upper extremity on a command such as 'imagine that you are making a fist without moving'. Phantom movements were carried out in response to commands such as 'make a fist with the phantom'.
Electromyography activity was monitored by flexors and extensors of the wrist and elbow that confirmed the visual evidence of absence of movement during imaginary movements. All data were stored relative to the completion of the digitized auditory command (bind width, 500 ms) 2 s (four bins) before to 8 s (16 bins) after the cue (CED Spike 2, Cambridge, UK). A significant increase or decrease in firing rate (a response) was defined by a change greater than precommand mean ± 2 standard deviations for three successive bins which implies a P value less than 0.01 as significant.
Results
A total of 283 neurons were studied during sensory stimulation and all types of movements, 166 in controls and 117 in the amputee. Across all nuclei, 135 neurons were studied during multiple real and imagined/phantom movements in the amputee (n = 94) and controls (n = 41) ( Fig. 2 ). The proportion of neurons with activity related to any type of movement was more common for all sites in the controls (11/41) than in the amputee (9/94, P = 0.02, w 2 ). The proportion of neurons responding during imagined movements (7/41, 17%) was not statistically different from that responding during phantom movements (7/94, 7%, P = 0.17, w 2 ). All three control patients showed motor imagery-related activity in identified cells (patient 404, 3/ 9, 33%; patient 407, 2/10, 20%; patient 409, 2/22, 9%). These proportions are not statistically different from that occurring in the amputee related to phantom movement; however, the number of cells involved is too small for inferring uniformity across the population.
Thalamic sensory nucleus (Vc)
The neuronal activity was characterized by the part of the body where peripheral stimulation (touch, stroking, pressure) evoked neuronal responses (RFs). Thalamic stimulation sites were also characterized by the location of sensations evoked by stimulation (projected fields, PFs). In Vc, cells with RFs were less common along trajectory P3 in the amputee, the presumed representation of the phantom (0/15), than along trajectories P1 and P2 through the representation of other parts of the body (17/21, P = 0.0001, Fisher). In Vc, stimulation sites in the presumed phantom representation (trajectory P3) had PFs representing only one body part, for example, one finger versus the whole hand or forearm with hand [8] , less commonly (P3, 2/13) than in the other two trajectories (P1 and P2: 16/25, P = 0.006, Fisher). This implies, in the amputee, either a degradation in function or a reorganization of Vc characterized by a decrease in the number of neurons with RFs, in the number of stimulation sites with PFs, and by a decrease in size of the PF.
In the presumed representation of the phantom (P3), three of 13 neurons studied in Vc responded during movement (real or phantom). One neuron responded with real movement, one during phantom movement, and one during both phantom and real upper extremity movements. The two neurons responding during real shoulder movements (Table 1 : 398-77 and 378) did not have cutaneous or deep RFs, and microstimulation-evoked sensations did not include the shoulder. Therefore, it is unlikely that this activity was the result of sensory input resulting from movement.
Thalamic motor nuclei (Vim and Vop)
The proportion of neurons across all patients with activity related to any type of movement (real, imagined, or phantom) were not statistically different in Vim (12/68) compared with Vop (5/37) or Vc (3/13, P = 0.7116). However, the ratio of movement-related neurons in Vim and Vop was higher in controls (11/33) versus P3 in the amputee (1/21, P = 0.02, Fisher), although this number was not statistically different from that for all trajectories in the amputee (P1, P2, P3: 6/72, P > 0.05 w 2 ). In our sample, the proportion of neurons with activity related to real movements of the shoulder in the amputee was significantly greater (3/3, P = 0.0035, Fisher) than that in the controls (0/10). Controls had a larger proportion of neurons with deep sensory arm RFs (19/94) than in the amputee shoulder (0/63, P = 0.05, Fisher). This again implies an alteration in function or a reorganization of Vim and Vop characterized by an increase in the proportion of neurons with activity related to real movements of the shoulder and by a decrease in the number of cells with deep RFs because of the amputation.
In Vim, the proportion of neurons responding during imagined/phantom movements was significantly higher in controls versus all trajectories in the amputee (4/10 vs. 2/ 52 -P1, P2, P3, P = 0.005, Fisher) or versus the presumed representation of the phantom (P3) (4/10 vs. 0/11, P = 0.035, Fisher). In Vop, the proportion of such neurons was not significantly different between controls (3/25-12%) and all trajectories in the amputee (2/13, 0%, NS Fisher) or trajectory P3 (0/6-0%, not significant). Therefore, motor activity was altered in the amputee Vim, as indicated by a decrease in the number of neurons with activity related to active movements.
Parameters of movement-related activity
Significant movement-related neuronal activity was predominantly excitatory (+ , activity increasing) (29/37, 78%), and had the same sign during all different movement types in any individual neuron, except neuron 398-78 in the amputee ( Table 1 ). The change in firing rates for different movements had the same sign within all cells examined, which is more common than expected if the signs occurred randomly for different movements within cells (P < 0.02, combinatorial). Movement-related activity for neurons in Vim and Vop of controls and the amputee occurred about joints somatotopically appropriate for the upper extremity PFs in Vc on the same trajectory [9] . Although this study does not offer the direct comparison of activity evoked by motor imagery and phantom movements in a given patient, the above results do suggest that the neuronal activity related to imagined movement could be encoded in the same durable motor circuits that generate activity related to phantom movements in the amputee.
Discussion
These results show an alteration in the function of thalamic motor or sensory nuclei in the amputee, as reflected by the smaller proportion of neurons responding during movement or with cutaneous or deep RFs. The size of the PFs was larger in Vc of the amputee, consistent with earlier studies [12] . The neurons responding during phantom movements may correspond to those responding during imagined movements, given the similarities in incidence, somatotopy, and latency of movement-related activity. Neither the duration nor the latency of onset of movement-related activity was significantly different between imagined and phantom movements (P > 0.4, d.f. = 2, analysis of variance), although the timing resolution of the latency measurement is limited by the use of verbal commands.
Data interpretation and limitations
Although, it is possible that the phantom-related cellular activity is subserved by the same neural circuitry as motor imagery related activity in normals, there might be alternative explanations. Motor imagery clearly incorporates a conscious block point to prevent real muscle activity from occurring, but we are unable to probe this with the amputee. The amputee might be activating the normal motor circuitry to move the phantom representation, without any conscious block occurring. Without the presence of the muscle end organ, the two situations would seem similar.
In addition, it is not clear that our description of the thalamic regions showing activity correlated with phantom movements should actually be referred to as the phantom representation. This thalamic region might be contained in areas of the thalamus earlier receiving somatosensory input from the amputated portions of the limb. The phantom representation would not necessarily overlap this, and could use additional surrounding or contralateral circuitry [13] . Furthermore, the electrophysiologic and stereotactic methods used to identify the thalamic subnuclei have been well described earlier [10, 11] , but this may not hold in the phantom situation.
In this study, we specifically study the motor representations of the phantom, which has not been well studied (most prior research has focused on phantom sensations), and in general the neural substrate for phantom motor sensations might involve more extended circuitry [14] . The reorganization effects seen in the thalamic subnuclei could also be interpreted as simply the degradation in function caused by deafferentation; however, one might expect increases in PF sizes to occur because of the higher levels of current required to activate neighboring excitatory structures. This is not observed in our data.
Possible role of imagery activity
The movement-related activity of neurons in Vc was independent of sensory input and perception as measured by RFs and PFs at the recording site. In addition, the thalamic activity related to phantom movements likely originates in the central nervous system, as there are no sensory receptors in the phantom. Therefore, this movement-related activity cannot be readily explained by sensory signals resulting from movement. It is possible that this activity is a corollary discharge originating in thalamic motor circuits and encoding the sensory consequences of movement [15] ; however, based on this limited data set, it is impossible to fulfill the rigid experimental criteria provided by Sommer and Wurtz [16] . The same explanation might apply to the movement-related activity recorded in Vim and Vop. However, the role of these nuclei in the planning and execution of movement suggests that their movement-related activity may reflect the dynamics of the planned movement [17] .
Anatomic substrate
From the current data it is not possible to ascertain the origin of the imagery movement or phantom movementrelated activity. This activity could have a cortical origin; imaging studies have shown activation of cortex during phantom movements in patients with remotely acquired amputations [18] . Cortical connections to Vop, the pallidal relay, include afferents from premotor, supplementary motor, and motor cortices [11, 19] . Similarly there are reciprocal connections between the sensory nucleus Vc and somatosensory cortex, and the cerebellar relay Vim and primary motor cortex, supplementary motor cortical area, and premotor cortex [11, 19] . Some authors have hypothesized a thalamic role in monitoring cortical output [20] [21] [22] . There are also reciprocal connections to several thalamic nuclei from the superior parietal lobule, perhaps correlating with the patients described earlier with deficits secondary to parietal lobe injury [23, 24] .
Conclusion
We have shown activity in thalamic neurons directly related to phantom upper extremity movements in an amputee and to imagined movements in a set of three intact patients. The locations and proportions of cells responding to imagined movement were similar to those for cells responding to phantom movement (specifically in Vc), suggesting that the same system subserves both types of movement.
